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ABSTRACT A combination of experimental and modeling
approaches was used to study cellular–molecular mechanisms
underlying the expression of short-term potentiation (STP)
and long-term potentiation (LTP) of glutamatergic synaptic
transmission in the hippocampal slice. Electrophysiological
recordings from dentate granule cells revealed that high-
frequency stimulation of perforant path afferents induced a
robust STP and LTP of both (6)-a-amino-3-hydroxy-5-
methylisoxazole-4-propionic acid (AMPA) and N-methyl-D-
aspartic acid (NMDA) receptor-mediated synaptic responses.
However, the decay time constant for STP of the AMPA
receptor-mediated excitatory postsynaptic potential was ap-
proximately 6 min, whereas the decay time constant for STP
of the NMDA receptor-mediated excitatory postsynaptic po-
tential was only 1 min. In addition, focal application of
agonists during the expression of STP revealed that the
magnitude of conductance change elicited by NMDA applica-
tion was significantly enhanced, whereas the magnitude of
conductance change elicited by application of AMPA re-
mained constant. These findings are most consistent with a
postsynaptic mechanism of STP and LTP. Different putative
mechanisms were evaluated formally using a computational
model that included diffusion of glutamate within the synaptic
cleft, different kinetic properties of AMPA and NMDA recep-
torychannels, and geometric relations between presynaptic
release sites and postsynaptic receptorychannels. Simulation
results revealed that the only hypothesis consistent with
experimental data is that STP and LTP ref lect a relocation of
AMPA receptorychannels in the postsynaptic membrane such
that they become more closely ‘‘aligned’’ with presynaptic
release sites. The same mechanism cannot account for STP or
LTP of NMDA receptor-mediated responses; instead, poten-
tiation of the NMDA receptor subtype is most consistent with
an increase in receptor sensitivity or number.

Long-term potentiation (LTP) is a widely studied form of
use-dependent synaptic plasticity expressed robustly by gluta-
matergic synapses of the hippocampus. The initial stage of
LTP expression, typically identified as short-term potentiation
(STP), is characterized by a rapid decay in the magnitude of
potentiation to an asymptotic, steady-state level. Although
there is a convergence of evidence concerning the cellulary
molecular mechanisms mediating the induction of N-methyl-
D-aspartic acid (NMDA) receptor-dependent STP and LTP
(1), there remains substantial debate as to whether the ex-
pression of potentiation reflects change in presynaptic release
mechanisms or postsynaptic receptor-channel function. Be-
cause of the synaptic coexistence of (6)-a-amino-3-hydroxy-

5-methylisoxazole-4-propionic acid (AMPA) and NMDA glu-
tamatergic receptor subtypes (2), substantial differences in the
magnitude of LTP expressed by AMPA and NMDA receptors
would favor a mechanism that is postsynaptic in origin. Several
studies have reported a more substantial induction of AMPA
receptor-mediated LTP compared with NMDA receptor-
mediated LTP (3–7), though in the presence of low concen-
trations of extracellular magnesium (8) or upon depolarization
of the postsynaptic neuron (9), procedures that relieve block-
ade of the NMDA receptorychannel, equivalent magnitude
increases in AMPA and NMDA receptor-mediated LTP con-
sistently are observed. The possibility of an exclusively AMPA
receptor-mediated postsynaptic expression of LTP also has
been weakened by persistent difficulties in detecting an in-
creased responsivity of AMPA receptors to exogenously ap-
plied glutamate or receptor agonist (10–13). In the studies
reported here, we have investigated the potential differential
expression of STP by AMPA and NMDA receptors and found
that the decay time course of STP is markedly different for
AMPA and NMDA receptor-mediated EPSPs. Furthermore,
during both STP and LTP, we found evidence of a differential
responsivity of AMPA and NMDA receptors to focal appli-
cation of their respective agonists. With these results strongly
supportive of a postsynaptic expression mechanism of STP and
LTP, a computational model incorporating parameters for the
synaptic space, the kinetic properties of AMPA and NMDA
receptorychannels, and the relative locations of the two re-
ceptorychannel subtypes was used to investigate several more
specific hypotheses. Results suggest a unique expression mech-
anism not previously proposed, namely, receptorychannel
relocalization in the postsynaptic membrane. Our findings
demonstrate that this hypothesis is sufficient to explain both
STP and LTP of the AMPA receptorychannel, though not the
NMDA receptorychannel, and moreover, can explain exper-
imental observations that cannot be accounted for by previ-
ously hypothesized mechanisms.

METHODS

Standard techniques (14) were used to prepare transverse
hippocampal slices from male New Zealand White rabbits and
to evoke and record extracellular EPSPs and whole cell
excitatory postsynaptic currents (EPSC) from dentate gyrus.
Perfusing medium included reduced Mg21 (0.1 mM) and
picrotoxin (50 mM) to enhance NMDA receptor-gated con-
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ductance (15, 16). 6-Cyano-7-nitroquinoxaline-2,3-dione
(CNQX) (10 mM, Tocris Neuramin, Bristol, U.K.), an AMPA
receptor antagonist (17), was added as indicated. In some
experiments, the AMPA receptor agonist, AMPA (500 mM),
or the NMDA receptor agonist, NMDA (500 mM), was
microejected into the middle 1y3 dendritic region of the
granule cell (single pulse, 5 psi, 100 msec in duration, pH 7.3)
via a multibarrel pipette. Whole cell EPSCs were recorded
from dentate granule cell soma. The pipettes were filled with
120 mM cesium gluconate, 5 mM KCl, 2 mM MgSO4, 10 mM
Hepes, 0.1 mM CaCl2, 1 mM 1,2-bis(2-aminophenoxy)ethane-
N,N,N9,N9-tetraacetate, and 3 mM MgATP. The membrane
potential of the recorded cells (n 5 20) was held at 280 mV
except during high-frequency stimulations at which the mem-
brane potential was reduced to between 240 and 220 mV.

The mathematical model of a glutamatergic synapse in-
cludes the representations of a synaptic cleft as a discretized
two-dimensional array where the neurotransmitter release
sites are located at the uppermost row and the kinetic models
of AMPA and NMDA receptor channels. The diffusion of
neurotransmitter (glutamate) in the cleft is described by the
following equation:

Nx,y,t

t
5 DN¹2Nx,y,t, [1]

where Nx,y,t denotes the concentration of neurotransmitter
molecules at the point (x, y) at time t and DN 5 7.6 3 1026

cm2ys (18). Eq. 1 was solved numerically with appropriate
boundary conditions (19).

The EPSCs were computed from kinetic models of AMPA
and NMDA receptorychannels. The kinetic model of the
AMPA receptorychannel was adopted from Ambros-Ingerson
and Lynch (20), while that of the NMDA receptorychannel
followed the model developed by Lester and Jahr (21). The
AMPA model includes one glutamate binding site whereas the
NMDA model assumes two binding sites.

RESULTS

Differential Expression of STP by AMPA and NMDA
Receptors. The first experiments examined the possibility of a
differential expression of STP by AMPA and NMDA recep-
tors. Magnitude of the NMDA response was enhanced by
reducing the extracellular concentration of magnesium
([Mg21]o) to 0.1 mM (Fig. 1A), and NMDA receptor-mediated
EPSPs were pharmacologically isolated by blocking AMPA
receptors using the specific antagonist CNQX (10 mM). In
reduced [Mg21]o, a negative slope conductance is still clearly
present in the I–V curve (Fig. 1B), and thus the receptory
channel still behaves in a physiological manner characteristic
of higher concentrations of [Mg21]o (15). Under these condi-
tions, high-frequency stimulation induced both NMDA STP
and LTP (Fig. 1C). The decay time courses were fitted with a
single exponential curve, and the averaged STP decay time
constant for NMDA STP was found to be 1.2 6 0.20 min
(mean 6 SEM, n 5 8).

In the absence of CNQX and in the presence of 1.0 mM
[Mg21]o, EPSPs recorded in response to 0.1 Hz synaptic
activation were almost exclusively AMPA receptor-mediated
(Fig. 1A). High-frequency stimulation induced both STP and
LTP of the AMPA response (Fig. 1D, E), though the decay
time constant of STP was found to be substantially longer than
for NMDA receptor-mediated EPSPs (6.39 6 0.86 min, n 5
12). The difference in STP decay time constants for AMPA
and NMDA responses was not due to the differences in
[Mg21]o. When AMPA STP was examined in 0.1 mM [Mg21]o,
the averaged decay time constant was found to be 6.30 6 0.86
min (n 5 11) (Fig. 1D, F), virtually identical to that observed
in the presence of 1.0 mM [Mg21]o.

An increase in the response of the AMPA receptor-
mediated EPSP, with much less change in the response of the
NMDA receptor-mediated EPSP is classically interpreted as
indicating a postsynaptic locus of expression. However, it has
been argued that the expression of STP still might be due to
increased presynaptic transmitter release, even if NMDA and
AMPA receptor responses show different changes because
they have different kinetic properties. To test the hypothesis,
we conducted a series of simulations by systematically varying
the quantal content within reported physiological range. Our
model, which takes into account the different kinetics of the
NMDA and AMPA receptorychannels, predicts that the decay
time course of STP of the NMDA component is longer than
that of the AMPA component, contrary to our experimental
finding. This is an additional evidence supporting that STP
results from modifications in the postsynaptic mechanisms.

Differential Responsivity to Agonist by AMPA and NMDA
Receptors During STP and LTP Expression. The above results
strongly suggest that the expression mechanism for STP is
postsynaptic in origin, and as a consequence, we examined
whether or not receptor responsivity was increased during
STP. A multibarrel pipette was placed in the dendritic region
of the recorded granule cell and membrane conductance
changes elicited by focal application of AMPA or NMDA were
measured before and after induction of LTP (Fig. 2). Con-
ductance change was not altered in response to AMPA
(20.7 6 3.5%; P . 0.20, n 5 8); however, membrane con-
ductance change elicited by NMDA was found to be enhanced
(24.1 6 7.2%; P , 0.02, n 5 7) after LTP was induced. These
results demonstrate that during LTP, NMDA receptor-
mediated EPSCs are increased both in response to focal
application of NMDA and perforant path stimulation. In
contrast, AMPA receptor-mediated synaptic responses are
increased, but AMPA receptor-mediated responses to focal
application of agonist are unchanged.

Effect of Relative Position of Presynaptic Release Site and
Postsynaptic Receptors. Factors that could affect synaptic
efficacy include changes in (i) mechanisms of presynaptic

FIG. 1. NMDA STP decays faster than AMPA STP. (A) Before
(solid traces) and after (dotted traces) D-2-amino-5-phosphonovaleric
acid (50 mM) at 0.1 mM Mg21 (Upper) and 1.0 mM Mg21 (Lower). (B)
I–V curve of NMDA receptor-mediated EPSC at 0.1 mM Mg21 (in
presence of CNQX). (C) STP and LTP expressed by NMDA-mediated
EPSPs (in presence of CNQX). (D) STP and LTP expressed by
AMPA-mediated EPSPs (in absence of CNQX).
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glutamate release, (ii) number of postsynaptic receptors, (iii)
kinetic properties of postsynaptic receptors, and (iv) the
geometry of the synaptic junction. Because alteration of
presynaptic release mechanisms would be expected to affect
AMPA and NMDA receptor-mediated responses equivalently,
the observed differences in expression of STP and LTP by the
two receptor subtypes strongly suggest that the mechanisms
are postsynaptic in origin. The fact that potentiation of the
AMPA response is not observed during focal application of
agonist further suggests that the mechanism of AMPA STP
and LTP involves changes other than an increase in receptor
responsivity or number. Because the contribution of changes
in synaptic geometry is more difficult to evaluate, we con-
ducted a series of computer simulations to investigate the
possible consequences of changes in synaptic morphology.

Initial simulation studies revealed that the extreme narrow-
ness of the synaptic cleft (20 nm) leads to a highly localized
distribution of glutamate molecules along the postsynaptic
membrane (Fig. 3A). As a consequence, we tested the hypoth-
esis that the relative positions of the presynaptic release sites
and postsynaptic receptorychannels will be a significant factor
in determining the magnitude and time course of the EPSCs.
Specifically, we simulated AMPA and NMDA receptor-
mediated EPSCs for different lateral displacements of release
sites and receptorychannels. Results showed that the AMPA
receptor-mediated EPSC is 42% larger and the NMDA re-
ceptor-mediated EPSC is 17% larger in magnitude when the
release sites and receptors are in complete alignment (a zero
lateral displacement) compared with the EPSCs simulated for
a 40-nm displacement (Fig. 3 B and C). Furthermore, when
release sites and receptors are in complete alignment, AMPA
receptor-mediated EPSCs are characterized by a faster rate of
onset and decay, in agreement with experimental findings
(Figs. 2 and 3). The differential sensitivity of AMPA and
NMDA receptors to the degree of ‘‘alignment’’ with presyn-
aptic release sites can be explained by their different affinities
to glutamate (30 mM for AMPA receptorychannel and 0.9 mM
for NMDA receptorychannel in our model; also see refs.
20–22). Simulation results showed that due to NMDA recep-
tors’ higher affinity, more than 98% of NMDA receptors are
bound when a 40-nm displacement is assumed. As a conse-
quence, changes in the postsynaptic location of the NMDA

receptor have little effect on the probability of binding with
glutamate in changing the magnitude of the EPSC. In contrast,
because only 23% of the AMPA receptors are liganded when
a 40-nm displacement is assumed, lateral movement that
increases alignment with the presynaptic release site will result
in a higher proportion of bound receptors.

When glutamate is delivered to the synapse by means of
perfusion, such as during focal application of agonists, its
distribution would be more uniform and the influence of
receptor relocation should be reduced for both AMPA and
NMDA receptor-mediated EPSCs. This condition was simu-
lated by assuming that glutamate diffuses into the synaptic cleft
from its perimeter: virtually no difference was seen in either
AMPA or NMDA receptor-mediated EPSCs. To test the
plausibility that changes in receptorychannel kinetics account
for STP and LTP of AMPA receptor-mediated responses,
opening and closing rate were increased in magnitude as
proposed by Ambros-Ingerson and Lynch (20). Simulation
results showed that the AMPA receptor-mediated response to
focal application of agonist increases by 31%. These results
strongly support the hypothesis that potentiation of AMPA
receptor-mediated EPSCs reflect a relocation of the receptory
channel in the postsynaptic membrane so as to become more
aligned with presynaptic release sites. The same mechanism
cannot account for STP or LTP of the NMDA receptor-
mediated EPSP.

DISCUSSION

Different Expression Mechanisms Underlie Potentiation of
AMPA and NMDA Receptors. The major findings of the
present study are that STP of the NMDA receptor exhibits a
much shorter decay time course than that for the AMPA
receptor. In addition, during the expression of both STP and
LTP, only the postsynaptic response to microejection of
NMDA is enhanced; the response to microejection of AMPA
is unchanged. Thus, there are different mechanisms of expres-
sion for STP and LTP of AMPA and NMDA receptory
channels. Assuming colocalization of the two glutamatergic
receptor subtypes, these data also strongly argue that, for both
AMPA and NMDA receptors, the expression of STP and LTP
involve mechanisms that are postsynaptic in origin. Only the

FIG. 2. (A) Membrane conductance in response to microapplication of NMDA, but not AMPA, is increased during STP. (Upper) The upper
two are responses induced by pressure ejection of NMDA at the moments indicated by downward arrowheads, (500 mM, 100 msec in duration);
the lower two are responses induced by AMPA (500 mM, 100 msec in duration); before (Left) and after (Right) induction of LTP. (B) STP was
expressed by whole cell EPSCs in both experimental groups. (Upper) The upper two EPSCs are obtained from the same hippocampal slice as the
one shown in A for focal application of NMDA; the lower two are from that for focal application of AMPA before (Dotted) and during (Solid)
STP.
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extremely rapid decay rate for NMDA STP suggests the
possibility of a presynaptic mechanism, i.e., that STP of the
NMDA receptorychannel reflects primarily PTP. This hypoth-
esis has been dealt with elsewhere (23). Results of our simu-
lation studies showed that either sensitization of the NMDA
receptor or an increase in number of receptors is sufficient to
account for the increased postsynaptic responsivity to agonist,
and thus, the LTP expressed by the NMDA receptor. The
failure of others to detect a similar change in NMDA receptor
responsivity with focal application of glutamate (10–13) is
most likely due to the use of high concentrations of Mg21 in
the perfusing media, suppressing NMDA channel opening.

Enhancement of synaptically evoked AMPA responses in
the absence of increased responsivity to agonist further sug-
gests that the expression mechanisms of AMPA STP and LTP
involve changes other than an increase in number or sensitivity
of the receptor. Because receptors and other membrane
proteins can diffuse laterally in the plane of the cytoplasmic
membrane (24, 25), the effects of changes in position of
postsynaptic AMPA and NMDA receptors were investigated
using computer simulations of a glutamatergic synapse. Re-
sults revealed that the relative positions of the presynaptic
release site and the postsynaptic receptor can have a profound
effect on the magnitude and time course of the EPSCs.
Detailed studies found that properties of AMPA receptor-
mediated STP and LTP were most consistent with the hypoth-
esis that, in response to high-frequency stimulation, the re-
ceptorychannel becomes relocalized in the postsynaptic mem-

brane so as to be more closely aligned with the presynaptic
release site.

Postsynaptic AMPA Receptor Realignment Model. Thus, we
propose the following model for the mechanism of expression
of NMDA receptor-dependent STP and LTP of AMPA
receptor-mediated synaptic responses. NMDA receptor acti-
vation is known to be critical for glutamatergic synapse stabi-
lization during development (26), and thus, we assume that a
close alignment of NMDA receptors and presynaptic release
sites emerges from the process of synapse formation. For
synapses in the unpotentiated state, we further assume that
AMPA receptors have a wider spatial distribution, with many
beyond the range of effective concentration of released neu-
rotransmitter. Ca21 influx through the NMDA receptory
channel activates several calcium-dependent processes, among
them, the calcium-dependent protease calpain (27). Calpain-
mediated degradation of cytoskeletal proteins has been shown
to play an important role in the redistribution of cell surface
receptors (28), and we postulate that it allows the lateral
diffusion of AMPA receptors in synaptic membranes, and their
migration toward the region of recently activated NMDA
receptorychannels. This initial clustering of AMPA receptors
in membrane locations more closely aligned with presynaptic
release sites is the basis for STP.

As the mechanisms that promote receptor aggregation
decay with time, AMPA receptors diffuse away from mem-
brane locations proximal to the initially activated NMDA
receptors (and thus to locations more displaced from the
release site), and there is a corresponding time-dependent
decay in the magnitude of the potentiated AMPA receptor-
mediated response. Activation of other calcium-dependent
processes and second messenger systems, including those
related to adhesion molecules (29, 30), have been shown to be
required for the stabilization of STP into LTP. If AMPA
receptors are ‘‘anchored’’ in their new position before relax-
ation of STP is complete, then the newly stabilized locations
relative to the release sites leads to LTP. Without activation of
the anchoring mechanisms, however, recently aggregated re-
ceptors will diffuse back to their original positions (or equiv-
alently distant positions), with the resulting synaptic potenti-
ation expressed only as STP. Thus, the magnitude of LTP is
determined by the decay time course of the clustering process
and the onset time course of the anchoring process.

The proposed model is consistent with previous conceptu-
alizations of two parallel and independent processes for STP
and LTP (31–33), as well as numerous studies indicating that
inhibition of second messenger pathways effectively blocks
stabilization of LTP while having minimal effect on the
magnitude of STP. In particular, the proposed model is
consistent with our recent observation that STP can be in-
duced repetitively in the presence of saturating levels of LTP
(23). Saturation of LTP is presumed to represent the maximum
density of receptors that can be anchored in the synaptic
region. If the processes underlying clustering (increased re-
ceptor mobility and lateral displacement) are independent of
the mechanisms underlying anchoring, then neither the mag-
nitude of STP nor its repetitive induction should be altered by
saturation of LTP.

A variant of this model is that new AMPA receptors are
inserted in close proximity to NMDA receptors, and thus, at
membrane positions in closer alignment with presynaptic
release sites. To account for the differential effects of exoge-
nous AMPA and NMDA found in the present studies, how-
ever, it also must be postulated that the total number of AMPA
receptors remains constant, i.e., that some receptors distant
from the NMDA receptors are internalized. Recent studies
have shown that the C-terminal domain of various AMPA
receptor subunits is truncated after NMDA receptor stimula-
tion and the resulting activation of the calcium-dependent
protease calpain (34, 35). Furthermore, several sources of

FIG. 3. The effect of redistribution of receptors. (A) Simulation of
neurotransmitter release from a vesicle into the synaptic cleft. Because
the cleft is extremely narrow, the concentration of glutamate at the
postsynaptic membrane is highly localized. (B) Simulated AMPA
response (Upper) and experimental whole cell EPSCs (Lower). They
exhibit a similar profile (note the normalized results). In simulation,
the AMPA-mediated current is 43% greater when the receptor is
perfectly aligned with the release site than when they are 40 nm away
(Left). The two traces are normalized to show that the time course of
the larger response (solid trace) is faster (Right). (C) A smaller change
is seen in the NMDA-mediated EPSC (Left) with virtually no change
in its time course (Right).
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evidence indicate the existence of a cytoplasmic pool of
AMPA receptors that could be inserted in postsynaptic mem-
branes in a calcium-dependent manner (36). Though a change
in channel kinetic properties, such as an increase in the
opening and closing rates (20), has been shown to reproduce
the EPSP waveforms characteristic of LTP expression, such a
mechanism cannot explain why no increase is observed with
focal application of AMPA or glutamate in the present or in
the majority of past studies (10–13, 37).

Predictions of the Postsynaptic AMPA Realignment Model.
There are a number of results that can be predicted or
explained by our model. First, increased responses to micro-
ejection of AMPA may occur during later phases of LTP. As
shown in Fig. 4, receptor aggregation may cause an overall
receptor redistribution on the membrane surface. This redis-
tribution may serve as a signal for more receptors to be
supplied to the membrane. As a result, the absolute number of
AMPA receptors could gradually increase over time. Davies et
al. (38) observed such a progressive increase in AMPA re-
sponsivity, which started about 30 min after the induction of
LTP with the peak magnitude appearing approximately 90 min
later.

Second, if AMPA receptors are poorly aligned relative to
presynaptic site, the synapse can be functionally silent. Our
simulation results showed that the amplitude of EPSP pro-
duced by an AMPA receptorychannel displaced by 100 nm
from the presynaptic release site is 32% of that generated by
a receptorychannel aligned with the release site, whereas a
receptorychannel displaced by 200 nm will generate an EPSP
only 6% in amplitude, making it almost undetectable. This

prediction is consistent with reports that LTP arises from
recruitment of inactive synapses or latent receptors (39–43).
More recently, Liao et al. (44) and Isaac et al. (45) have
confirmed that a high proportion of synapses in hippocampal
area CA1 exhibits NMDA receptor-mediated transmission
only, making these synapses effectively nonfunctional at nor-
mal resting potentials. These ‘‘silent’’ synapses acquire AMPA
receptor-mediated response characteristics after LTP induc-
tion.

Third, our results show that the dynamics of neurotransmit-
ter distribution in the synapse varies as a function of distance
from the release site, namely, the greater the distance from the
release site, the slower the variation in concentration of
neurotransmitter. Because the model predicts that synaptic
potentiation reflects the migration of AMPA receptors to
positions closer to the release site, the rise and decay times of
AMPA EPSCs should be more rapid during the expression of
LTP, as found in the present and previous studies (46). More
generally, the location of AMPA receptorychannels in the
postsynaptic membrane should range from optimal alignment
with the presynaptic release site to beyond the range of
effective concentration of released neurotransmitter, i.e., func-
tionally ‘‘silent.’’ Within this spectrum, the rise-fall time and
peak amplitude of the AMPA EPSC waveform should corre-
late positively with proximity to the presynaptic release site.

Finally, the model predicts a nonuniform distribution of
AMPA and NMDA receptors in the synapse. It is expected
that NMDA receptors are at the most focal point opposite a
given release site, with an ‘‘annulus’’ of more peripherally
located AMPA receptors. The degree of nonuniformity should
be more pronounced for potentiated synapses.
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